The purpose of this investigation is to develop a dual pH-/temperature-responsive and fluorescent hydrogel based on piperazine and Pluronic F127 (PF127). Firstly, polyurethane was synthesized using 1,6-hexamethylene diisocyanate, 1,4-bis(hydroxyethyl) piperazine, and PF127 by a step polymerization process. Erythrosine B (EB) is then incorporated into copolymers to offer a fluorescence property. The polyurethane-PF127-EB copolymer can spontaneously self-assemble into hydrogels with a great number of closely packed micelles, and the hydrogels also have the ability to undergo thermo-sensitive sol-gel phase transition above the critical gelation concentration. The gelation temperature can be adjusted near the physiological condition by modulating the concentration of the copolymer in an aqueous medium. The acid-titration curves indicate a good pH-responsive property, and the UV-vis and fluorescence spectra exhibit strong self-fluorescence signals for hydrogels. As a result, the hydrogels not only can serve as drug carriers but can also be utilized as fluorescence imaging probes in biomedical applications.
Introduction
During the last decades, growing interest has been focused on polymer hydrogels as controlled drug delivery carriers [1] [2] [3] [4] [5] [6] [7] [8] due to their unique pharmacokinetic properties. For example, the hydrogel can be used as an encapsulation agent to store and transmit therapeutic drugs. Especially, the injectable gel system [9] [10] [11] [12] has raised a lot of concerns as a candidate for drug and cell delivery, which has the ability to undergo a reversible sol-gel phase transition in response to external stimuli such as temperature [13] [14] [15] [16] [17] , pH [18, 19] , and light [20, 21] . Most injectable hydrogels are based on self-assembled nano-sized micelles and fibers that are composed of amphiphilic block copolymers. When they are injected into the body using a syringe, sudden changes of the surrounding environment, such as temperature, pH, and other biochemical signals, could change non-covalent interactions, resulting in a sol-to-gel phase transition at a critical condition. For clinical applications, injectable delivery systems not only can take the shape of the wound cavity but also offer the advantage of minimally invasive surgery and minimize the possibility of scar formation, thus reducing the risk of infection and complications.
As an injectable hydrogel, it is worthy to introduce a fluorescent probe for monitoring the integrity and release process of therapeutic drugs in vivo. Currently, quantum dots [22, 23] have been widely applied in the field of biomedical imaging due to their specific optical properties, such as high quantum yields, photostability and broad excitation spectra, and narrow, tunable emission spectra. However, quantum dots are commonly made of heavy metals (e.g. CdS, CdSe, ZnSe, and PbS) [24] [25] [26] , limiting their biomedical applications due to intrinsic cytotoxicity. In contrast, fluorescent molecules [27] [28] [29] [30] are good choices for their intrinsic advantages, including excellent biocompatibility, low toxicity, and long-term stability. Therefore, it will be viable to prepare a dual-stimuli-responsive fluorescent hydrogel for broad application in the field of medical imaging and real-time monitoring/ disease treatment.
Pluronic F127 (PF127), composed of hydrophobic propylene oxide (PPO) and hydrophilic ethylene oxide (PEO), has been extensively studied as a rapid sol-gel transition system for the delivery and controlled release of therapeutic drugs [8, 31] . Due to the temperature sensitivity of hydrophobic PPO blocks, PF127 can aggregate to spherical micelles above the critical micelle concentration, which decreases with increasing temperature [32, 33] . As the temperature increases, the self-assembled PF127 micelles become closely packed and form a physical hydrogel, indicating that PF127 has the ability to undergo a sol-gel phase transition by the change of environmental temperature. Moreover, the gelation temperature of PF127 can be controlled to approach body temperature by modulating the concentration of polymer. However, the single-stimulus response system is not sufficient to satisfy the effects of different physiological conditions in a pathological environment, such as lower pH and reducing environment. Therefore, 1,4-bis(hydroxyethyl) piperazine (HEP) was introduced in our previous works as a pH-responsive segment, which can donate or accept protons in response to the change of environmental pH. As a result, we envisioned combining thermal and pH response to improve the ability of controlled drug delivery and broaden the application scale of hydrogels.
In this study, the pH-/thermo-responsive polyurethane-F127-EB self-assembled hydrogel was prepared. HEP was introduced as a pH-responsive segment to offer a pH buffering capacity, and PF127 was employed as thermo-responsive segment to undergo a sol-gel phase transition. The structure of polyurethane-PF127 random copolymers was characterized by 1 H nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR). The pH-responsive ability was measured by an acid-base titration and the thermoresponsive sol-gel phase transition was determined by a tube inversion method. Moreover, the optical properties of the EB-conjugated polyurethane-PF127 random copolymer were measured by UV-vis and fluorescence spectroscopy. Based on the in vitro results, the polyurethane-PF127-EB random copolymer can be widely applied in the field of controlled drug delivery and biomedical imaging.
Materials and methods

Materials
All reagents and solvents for synthesis were reagent grade and used without further purification. 1,6-Hexamethylene diisocyanate (HDI, 99%), triethylamine (TEA), erythrosine B (EB), and dimethylsulfoxide (DMSO-d6, 99.9%) were purchased from Aladdin Chemistry Co. Ltd. PF127, HEP and N,N-dimethyl formamide (DMF) were purchased from Sigma-Aldrich Co. Ltd.
Synthesis of polyurethane-PF127-EB random copolymer
The pH-/thermo-responsive and fluorescent polyurethane-F127-EB random copolymer was synthesized by a one-step method using P127, HEP, and HDI. In addition, 1 wt.% EB was added as fluorescent dye and 1 wt.% TEA was employed as a catalyst. The synthesis route of polyurethane-PF127-EB random copolymer is shown in Scheme 1. The addition of materials was carried out at a stoichiometric ratio, as listed in Table 1 . Briefly, appropriate amounts of HDI, HEP, PF127, EB, and TEA were dissolved in DMF and stirred in a 250 ml two-necked flask under nitrogen atmosphere at 75°C. After 12 h, the reaction was cooled down to room temperature and continued for another 12 h. After polymerization, the resulting polymer was precipitated in a 7-to 8-fold excess of diethyl ether. Finally, the white powder of polyurethane-PF127-EB random copolymer was obtained by drying under vacuum at room temperature for 72 h.
Chemical structure of polyurethane-PF127-EB random copolymer
The chemical structure of the polyurethane-PF127-EB random copolymer was characterized by 1 H NMR using an NMR spectrometer (AVANCE III 400 MHz, Bruker) with DMSO-d6 as a solvent. The different components in the resulting copolymer were confirmed by checking the proton peaks from 1 H NMR spectra. To further identify the structure of the copolymer, the polyurethane-PF127-EB random copolymer was dispersed in KBr pellets and measured by using a Thermo Scientific Nicolet iS10 FTIR spectrophotometer in a range of 4000-500 cm −1 . Moreover, the weight-average molecular (Mw) and polydispersity index (PDI) of polyurethane-PF127-EB random copolymers were further determined by using a gel permeation chromatograph equipped linearly with KD-801, KD-802 (Shodex) columns, using tetrahydrofuran as an eluent at a low rate of 1 ml min −1 . The molecular weight was calculated based on the PF127 standard.
Acid-base titration
The pH buffering capacity of polyurethane-PF127-EB random copolymers was measured by an acid-base titration method. Typically, the sample polymer was dissolved in deionized water with a concentration of 1 mg ml −1 and titrated to around pH 3.0 with hydrochloric acid solution. By adding 0.2 ml of 0.01 m NaOH solution drop by drop, the pH values were recorded by using a pH tester (S400, METTLER TOLEDO) to obtain the acid-base titration curve.
UV-vis spectra
The absorption spectra of the resulting copolymer were recorded at various concentrations by using SpectraMax M5 (Molecular Devices). The wavelength ranged from 300 to 650 nm using medium-speed scanning. Stock solutions were prepared by dissolving the sample polymer in DMF with a concentration of 1 mg ml −1 . In addition, the absorption spectra of EB in DMF at different concentrations were measured to estimate the amount of EB in the polyurethane copolymers.
Fluorescence spectrometry
The fluorescence spectra of the resulting copolymer with and without EB were recorded on SpectraMax M5 (Molecular Devices). All fluorescence spectra were measured in 1 cm quartz cuvettes, using an excitation of 519 nm, collecting the emission from 450 to 650 nm (increment of 1 nm).
Sol-gel phase transition measurement
The sol-gel phase transition of PF127 and polyurethane-PF127-EB random copolymer with the changes of temperature in aqueous solution was determined by using a tube inverting method [34] [35] [36] [37] [38] [39] . Briefly, the copolymer was dissolved in deionized water at a given concentration in a 10 ml vial. The vial was placed into a temperaturecontrolled water bath. The temperature was lowered to 4°C and stabilized at 4°C for 6 h. Then, the samples were heated at a temperature increment of 1°C per step. The sol-gel phase transition was determined in the absence of visual solution fluidity by inverting the vials for 30 s. Moreover, the influence of pH value on the sol-gel phase transition was measured by the same method. The sample polymer was dissolved in aqueous solution at a concentration of 300 mg ml −1 . Then, the pH was adjusted to the desired value with 1 m NaOH and 1 m HCl. The gelation was confirmed by the same method.
Scanning electron microscopy (SEM)
The morphologies of the polyurethane-PF127-EB hydrogels were examined with a JSM-6510 scanning electron microscope (JEOL, Japan). Before examination, the hydrogels were lyophilized through a freeze-drying method using a vacuum freeze-drier. Then, the dried samples were sputter-coated with platinum and observed under SEM.
Cytotoxicity measurement
The relative cytotoxicity was assessed with a methyl thiazolyl tetrazolium (MTT) viability assay against HeLa cells. The cells were seeded in 96-well plates at 7000 cells/well in 100 μl complete Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, supplemented with 50 U ml −1 penicillin and 50 U ml −1 streptomycin, and incubated at 37°C in 5% CO 2 atmosphere for 24 h, followed by removal of the culture medium and adding copolymer solutions (100 ml in complete DMEM) at different concentrations (1-333 mg l −1 ). The cells were subjected to MTT assay after being incubated for another 24 h. The absorbance of the solution was measured on a Bio-Rad 680 microplate reader at 490 nm. Cell viability (%) was calculated according to the following equation:
Cell viability (%) (Asample/Acontrol) 100%, = ×
where Asample and Acontrol are the absorbances of the sample well and control well (without the copolymers), respectively. The measurements were performed in triplicate.
In vitro doxorubicin hydrochloride (Dox) release experiment
Dox was used as a model drug to investigate the drug release behavior from the polyurethane-PF127-EB hydrogel. Firstly, 1 mg Dox and 500 mg poly urethane-PF127-EB were co-dissolved with 2 ml deionized water in a 10 ml vial and maintained at 4°C for 12 h. Then, the PU-PF127 hydrogel was formed by increasing the temperature. The hydrogel was immersed in phosphate buffer saline (PBS, 0.05 m, pH 7.4) at 37°C and its release profile was studied. At predetermined time points, 3 ml medium solution was taken out and 3 ml fresh PBS was added back to maintain the same total solution volume. The amount of released Dox was determined by using SpectraMax M5 (Molecular Devices) at an absorbance wavelength of 478 nm.
Results and discussion
Chemical structure
The chemical structure of the polyurethane-PF127-EB copolymer was examined by using 1 H NMR and FTIR. The 1 H NMR spectrum of the copolymer is displayed in Figure 1 . The multiple peaks between 3.33 and 3.555 ppm were assigned to the methylene protons of PF127, and the peak at 1.039 ppm was associated with the methyl protons of PPO block in PF127. The peaks at 3.675, 2.740, and 2.332 ppm were attributed to the methylene protons of HEP. The peaks at 2.939, 1.328, and 1.239 ppm were assigned to the methylene protons of HDI. The peak of urethane at 7.959 ppm suggests that the polyurethane-PF127-EB random copolymer was synthetized successfully. Moreover, the structure of the copolymer was further confirmed by FTIR spectroscopy. It can be seen in Figure 2 that the peak at 1628 cm −1 was corresponding to the -NHCOO-group of polyurethane-PF127-EB. The peaks at 1113 and 2902 cm −1 were belonging to the stretching vibration of the -CH 2 -O-CH 2 -and -CH 3 groups, respectively. The peak at 1460 cm −1 was attributed to the -CH 2 -groups. All results indicated the successful synthesis of the polyurethane-PF127-EB copolymer. However, the amount of EB in the copolymer was too low, and the signal from NMR and FTIR could not be detected.
pH buffering capacity
The pH buffering capacity of polyurethane-PF127-EB random copolymers was measured through an acid-base titration. All the random copolymers and PF127 were dissolved in deionized water, respectively, at pH 3.0, then titrated by 0.2 ml of 0.01 m NaOH solution drop by drop and the pH values were recorded with a pH tester (S400, METTLER TOLEDO). The acid-base titration curve is shown in Figure 3 . It is clearly revealed that the polyurethane-PF127-EB copolymers exhibited good pH buffering capacity compared with PF127 and an aqueous solution. This property was attributed to the piperidine amino group containing isolated electron pairs, which could be protonated and deprotonated with the changing of pH values in an aqueous medium. As the piperidine components in polyurethane-PF127-EB copolymer increase, the pH buffering capacity would increase much higher. As a result, sample P3 showed the best pH buffering capacity at pH 5.0-6.5 (near the pH of tumor site) due to the most piperidine amino groups in the copolymer. A good buffering capacity is essential because it could prolong the cycle time, avoid rapid disintegration, and achieve slow drug release.
Concentration assay of EB
In order to estimate the concentration of EB in polyurethane-PF127-EB random copolymers, pure EB was dissolved in a DMF solution with different concentrations and measured by UV-vis spectroscopy to obtain the standard curve. The UV-vis absorbance spectra of EB at different concentrations are shown in Figure 4A . According to the maximum absorbance peak value and the concentrations of EB, the relationship equation could be obtained for y = 129.785x + 0.05771 (x: EB concentration in DMF; y: maximum absorbance peak value) and the fitting curve is shown in Figure 4B . For calculating the EB concentration in polyurethane-PF127-EB copolymers, we measured the UV-vis absorbance spectra of copolymers in the same solvent at a concentration of 1 mg ml −1 ( Figure 5 ). From the highest peak value in absorbance curves, the amount of EB in different copolymers could be calculated by using the relationship equation, and the results are listed in Table 2 .
Fluorescence property
To confirm the possibility of polyurethane-PF127-EB as an optical imaging probe, the fluorescence property was measured. Figure 6 shows the fluorescence emission spectra of copolymers with and without conjugating EB at the excitation of 540 nm. From the result, the maximum emission wavelength was 556 nm for P2-EB, whereas P2 without conjugating EB showed no light emission in the range of 500-650 nm. Correspondingly, the images of P2 and P2-EB solutions are shown in Figure 6A and B under a 360-nm UV lamp, indicating that P2-EB can be used as a fluorescent probe.
Sol-gel phase transition
The sol-gel phase transition of PF127 and polyurethane-PF127-EB (P3-EB) in an aqueous medium was measured using a tube inversion method. As shown in Figure 7A , PF127 and polyurethane-PF127-EB exhibited a sol-gel-sol transition with increasing temperature at different concentrations (at pH 7.0). That is, PF127 and polyurethane-PF127-EB copolymers can aggregate into spherical micelles through enhanced hydrophobic interactions between PPO blocks of copolymers. Above the critical gelation concentration, the self-assembling behavior of closely packed spherical PF127 and polyurethane-PF127-EB micelles had the ability to undergo thermo-sensitive sol-gel phase transition. The phase transition can be realized at 37°C by regulating the concentration of the polyurethane-PF127-EB copolymer. From the diagram shown in Figure 7A , the sol-gel phase transition curve of polyurethane-PF127-EB shows right-hand shift compared to that of PF127. The gradual right-hand shift of the phase curve means that the critical gelation concentration of polyurethane-PF127-EB at the specific temperature was increased, and the gelation temperature was enhanced at the specific concentration compared to PF127. Moreover, the influence of pH on the sol-gel transition was also investigated. As shown in Figure 7B , P3-EB in an aqueous medium ) and the amount of EB in polyurethane-PF127-EB. exhibited a sol-gel phase transition with pH values changing when the polymer concentration was 300 mg ml −1 . However, PF127 in an aqueous solution had no change with increasing pH. It was mainly attributed to the change of the proportion between hydrophilic and hydrophobic segments due to protonating and deprotonating of piperidine amino groups with increasing pH, consequently leading to the change of sol-gel phase transitions.
Samples
The morphologies of PF127 and polyurethane-PF127-EB (P3-EB) hydrogels were observed by SEM. Compared to PF127, polyurethane-PF127-EB exhibited larger pores in its microstructure, as shown in Figure 8 . This pore structure provided polyurethane-PF127-EB hydrogels greater capacity for the storage of dissolved ingredients, enhancing the ability to be a good candidate for biomedical application in drug delivery.
In vitro cytotoxicity and drug release
The in vitro cytotoxicity of the random copolymer was evaluated by MTT assay [26] . The cells were treated with the polyurethane-PF127-EB random copolymer at different concentrations for 24 h, and sodium dodecyl sulfate was used as the positive control. The relative cell viabilities are shown in Figure 9 . The HepG2 cell viability was ≥90% at all the test concentrations. The result indicates that the polyurethane-PF127-EB random copolymer can be used as a non-cytotoxic biomaterial.
The release profile of Dox from the hydrogel in pH 7.4 PBS buffer solution at 37°C is shown in Figure 10 . Dox was used as a model drug to explore the possibility of controlled drug release using polyurethane-PF127-EB hydrogel. The release profile of Dox from the hydrogel is shown in Figure 9 . The concentration of polyurethane-PF127-EB was 250 mg ml −1 . The Dox from the hydrogel was released by about 70% in 36 h. Moreover, the release, following zero-order elimination kinetics in the first 12 h, is illustrated in the inset of Figure 9 , indicating that the controlled drug release from hydrogel occurred in the early stage and there was no sudden release behavior. This result suggests that the polyurethane-PF127-EB hydrogel could be an excellent candidate for controlled drug delivery.
Conclusions
An injectable and pH-/thermo-responsive polyurethane-PF127-EB hydrogel was successfully developed by introducing HEP as a pH buffer segment and PF127 as a temperature-sensitive part to undergo a sol-gel transition. The polyurethane-PF127-EB hydrogel could be gelationed at the temperature near the physiological condition, which indicates that the polyurethane-PF127-EB hydrogel can be used as an injectable hydrogel that could gelate rapidly in the injection site and release the carried drug into the body. Moreover, the results of the UV-vis and fluorescence spectra revealed the good optical property of the polyurethane-PF127-EB copolymer. Subsequently, the results of in vitro cytotoxicity and drug release proved that this pH/thermo-responsive self-assembled hydrogel had almost no toxicity, and can be used as a valuable carrier for loading and controlled delivery of therapeutic drugs as well as an imaging probe in the field of medical imaging. 
